Methane monooxygenase (MMO) has been found in methanotrophic bacteria, which catalyzes the epoxidation of gaseous alkenes to their corresponding epoxides. The whole cell suspension of Methylosinus trichosporium IMV 3011 was used to produce epoxyethane from ethylene. The optimal reaction time and initial ethylene concentration for ethylene epoxidation have been described. The product epoxyethane is not further metabolized and accumulates extracellularly. Thus, exhaustion of reductant and the inhibition of toxic products make it difficult to accumulate epoxyethane continuously. In order to settle these problems, regeneration of cofactor NADH was performed in batch experiments with methane and methanol. The amount of epoxyethane formed before cosubstrate regeneration was between 0.8 and 1.0 nmol/50 mg cells in approximately 8 h. Combining data from 7 batch experiments, the total production of epoxyethane was 2.2 nmol. Production of epoxyethane was improved (4.6 nmol) in 10% gas phase methane since methane acts as an abundant reductant for epoxidation. It was found that the maximum production of epoxyethane (6.6 nmol) occurs with 3 mmol/L methanol. The passive effect of epoxyethane accumulation on epoxyethane production capacity of Methylosinus trichosporium IMV 3011 in batch experiments was studied. Removal of product was suggested to overcome the inhibition of epoxyethane production.
Introduction
As the most utilized epoxide, epoxyethane is a useful and important intermediate for industrial chemical production including agricultural chemicals, pharmaceuticals, and polymers and accounts for nearly 40-50% of the total value of organic chemicals [1] . In addition to application in chemical manufacturing processes, epoxyethane is widely used in processes of food fumigating sterilization, particularly of grains and dried fruits [2] . Direct oxidation of ethylene to epoxyethane with molecular oxygen is a significant synthetic method for both industry and academia. During the last decades, many research works have been focused on epoxidation reactions of ethylene by supported catalysts such as transition metal complexes and metal nanoparticles [3] [4] [5] [6] .
In contrast with chemical synthetic methods, the biocatalytic reaction appears to be a mild and simple method [7] .
One biocatalytic method for producing epoxyethane is using enzymes to insert oxygen across the carbon double bonds of ethylene. Methane monooxygenase (MMO) is such a fascinating enzyme that can efficiently catalyze ethylene to ethylene epoxide with high region specificity and stereoselectivity [8, 9] . Epoxyethane synthesis by MMO catalysis has significant application potential as it is performed at normal temperature and pressure and causes no pollution.
It is known that the same MMO system catalyzes both ethylene and propene epoxidation reactions. In the past few years, many studies have been focused on MMO catalyzed epoxidation of propene, but with little attention to ethylene. For example, Hou et al. used methane-grown bacteria, which contain the MMO system to oxidize propene to epoxypropane. The optimal conditions for epoxidation were described [10] . Hou performed a gas-solid bioreactor to ensure continuous production and removal of product 2 Journal of Chemistry epoxide from the microenvironment of the biocatalyst [11] . Xin et al. chose methane as the electron-donating cosubstrate for propene epoxidation and maximum production of epoxypropane occurred in an atmosphere of 30% methane [12] . Xin et al. successfully drove epoxypropane synthesis using methanol as the sole carbon source and the electrondonating substrate to regenerate the NADH [13] .
In spite of this progress, reaction conditions for biocatalytic ethylene epoxidation and the effect of epoxyethane on MMO catalytic performance have not yet been fully elucidated. Furthermore, for prolonged maintenance of ethylene epoxidation, constant sources of reductant for monooxygenation are critical.
In the present study, we aim at using whole cell suspension of Methylosinus trichosporium IMV 3011 for the biosynthesis of epoxyethane from ethylene. The optimal reaction time and initial concentration of ethylene in epoxidation biosynthesis are described. To sustain epoxidation for a longer time, methane and methanol were selected as substrates for NADH regeneration. The effect of epoxyethane concentration on epoxyethane production capacity of Methylosinus trichosporium IMV 3011 in batch experiments was studied.
Materials and Methods

Organism and Enrichment. Methylosinus trichosporium
IMV 3011 was obtained from the Russia Institute of Microbiology and Virology (Kiev, Ukraine). The organism was grown at 30 ∘ C in a sealed 250 mL flask containing 60 mL nitrate mineral salts medium (NMS) with methane and air (1 : 2, vol/vol).
Cells were harvested after 96 h of growth by centrifugation at 8,000 ×g for 15 min at 4 ∘ C, washed twice with 20 mmol/L phosphate buffer (pH 7.0) containing 5 mmol/L MgCl 2 . The final pellets were resuspended in the same buffer to yield a cell density 1.0-3.0 mg dry weight cell [dwc]/mL of culture.
Assay of Epoxyethane Production
Capacity. The epoxyethane production capacity of intact cells was determined in a 10 mL vial (capped with rubber cap) containing 1 mL cell suspension. The gas phase of the vial was replaced with a gas mixture of ethylene and oxygen (1 : 1, vol/vol). Reaction mixtures were shaken (180 rpm) at 30 ∘ C for 30 min. Samples were centrifuged at 8,000 ×g for 15 min and then cooled down rapidly to 4 ∘ C. A 1 L sample was analyzed immediately by gas chromatography. The concentration of epoxyethane was measured with a gas chromatograph equipped with a capillary column (Φ0.23 mm × 30 m; stationary phase, SE-54) and a flame ionization detector (FID). The temperatures of the injector, column, and detector were maintained at 180 ∘ C, 60 ∘ C, and 180 ∘ C, respectively. Nitrogen was used as a carrier gas at a flow rate of 75 mL/min. The epoxyethane was identified by retention time comparison and the concentration was estimated by establishing a linear relationship between peak area and concentration. The epoxyethane production capacity of intact cells was expressed as nanomoles of epoxyethane formed per minute per milligram of dry weight of cell. 
Batch Experiments.
The batch experiments were performed in 100 mL sealed flasks containing 25 mL washed cell suspension. The gas phase of the flask was replaced with a gas mixture of ethylene and oxygen (described in the text, vol/vol). The flasks were incubated and shaken at 30 ∘ C at 180 rpm. The epoxyethane concentration was determined at different reaction times. Epoxyethane production was stopped after 24 h. The cells in the flasks were centrifuged and resuspended in 20 mmol/L phosphate buffer (pH 7.0) containing 5 mmol/L MgCl 2 (the cell density 1.0-3.0 mg dry weight cell [dwc]/mL of culture) and used for the next batch experiment. The above repeating process was continued until the subsequent epoxyethane formation ceased.
Statistical Analysis.
All values are expressed as mean values or mean values ± standard derivations from three independent experiments and analyses. Statistical significance between different groups was analyzed by one-way analysis of variance (ANOVA) with Duncan's multiple range tests using the SPSS version 13.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was defined at < 0.05.
Results and Discussion
Relation of Accumulation of Epoxyethane with Initial
Concentration of Ethylene. Different initial concentrations of ethylene were used to examine the formation of epoxyethane by whole cell suspension of Methylosinus trichosporium IMV 3011. The oxygen concentration in the gas phase of the flask was maintained at 50% (v/v). Ethylene concentration was diluted by nitrogen gas. The amount of epoxyethane formed was assayed after 8 h of reaction. Figure 1 shows that epoxyethane production increased rapidly with increasing ethylene concentration when it is less than 20% (880 mol/L) gas phase. The rate of epoxidation reaction appears to be relevant to the solubility of ethylene. Saturation of ethylene in the reaction system is the main reason.
Time Course of Epoxyethane Production.
The time course of epoxyethane production from ethylene by whole cell suspension of Methylosinus trichosporium IMV 3011 is shown in Figure 2 . The rate of epoxyethane production was rapidly increased for the first 8 h. The epoxyethane concentration reached a maximum after 12 h of reaction. The reason for the slow reaction rate between 8 and 12 h was possible product inhibition or depletion of the endogenous NADH pool. When sodium formate was introduced after the reaction, epoxidation proceeded again, indicating that regeneration of NADH is a means of restoring reaction progress. Figure 3 shows the NADH regeneration scheme for the production of epoxyethane.
To regenerate nonviable cells of Methylosinus trichosporium IMV 3011, the cell suspension was centrifuged and resuspended in fresh 20 mmol/L phosphate buffer (pH 7.0) containing 5 mmol/L MgCl 2 and then regenerated with methane and air (1 : 1, v/v) in a flask. The flask was incubated and shaken at 30 ∘ C and 180 rpm for 12 h. As mentioned above, methanol, formaldehyde, and formate are methane catabolic intermediates which can regenerate cell MMO activity. However, the initial MMO activity is only partly resumed (45%, 55%) with formaldehyde (5 mmol/L) and formate (10 mmol/L) as the regeneration substrates of nonviable cells. Formaldehyde and formate completely inactivate cells in the second regeneration cycle. The results suggest that formaldehyde and formate are toxic to the Methylosinus trichosporium IMV 3011 cells. In this work, formaldehyde and formate produce a positive effect under the best amendment condition (5 mmol/L formaldehyde, 10 mmol/L formate). However, the toxic effect is much greater than the positive effect. We thus used a mixture of methane and methanol as the regeneration substrate. The main reason is that a mixture of methane and methanol provides an abundant reductant for ethylene epoxidation with no toxicity. Figure 4 shows the effect of methane concentration on the epoxyethane production capacity of MMO. The whole cell epoxyethane production capacity was enhanced when the methane concentration was less than 10% of the gas phase. This result suggests that low concentration methane exerts a positive effect on NADH regeneration. In other words, after the initial oxidation step, methane may be further degraded to regenerate reducing NADH, which can promote further ethylene epoxidation. However, the positive effect was outweighed when the methane concentration was higher than 10% of the gas phase because of its inhibitory effect. Because oxidation of both ethylene and methane is catalyzed by MMO, the presence of methane may compete with ethylene to bind the MMO active site.
Effect of Methane and Methanol on Regeneration of Methylosinus trichosporium IMV 3011.
The results in Figure 5 show that 10% methane initial gas phase exhibits a positive effect on epoxyethane production in batch experiments. The concentration of epoxyethane production decreased as the repetition increased during repetitive batch epoxidation experiments. The main reason is inhibition of epoxyethane production. Moreover, the epoxidation of ethylene can also be performed in the absence of methane by repeating 6 batch cycles, according to Xin et al., approximately due to the utilization of internal energy sources such as poly--hydroxybutyrate [14] .
Epoxyethane production by whole cell suspension of Methylosinus trichosporium IMV 3011 in the presence of different concentrations of methanol is shown in Figure 6 . The production of epoxyethane from ethylene by cell suspension in the absence of methanol was nearly stopped when the batch reaction was repeated in the 6th batch cycle. The reason for this halt of reaction progress may be the exhaustion of endogenous NADH. As described above, oxidation of methanol catalyzed by dehydrogenases results in the reduction of NAD + to NADH. Thus, methanol exhibits the potential to act as the electron-donating substrate to regenerate NADH and drive epoxyethane synthesis. Here, 3 mmol/L methanol addition to ethylene epoxidation reaction led a stable level of the epoxyethane production. However, the formation of epoxyethane in the presence of 1 mmol/L methanol was still stopped when the batch reaction was repeated for the 6th batch cycle. The reason is that speed of NADH regeneration is lower than speed of NADH consumption.
Inhibitory Effect of Epoxyethane Production on the Epoxidation of Ethane.
A challenging factor in epoxyethane synthesis is that epoxyethane itself has an inhibitory effect on epoxyethane production capacity. To research whether this inhibition is affecting epoxyethane production in this context, the viable cell suspension was treated with epoxyethane. Figure 7 shows the results of the relative epoxyethane production capacity of Methylosinus trichosporium IMV 3011. The epoxyethane production capacity of whole cell suspension is plotted as a function of cells treated over time with epoxyethane. Here, 10 nmol/L epoxyethane irreversibly inhibits the epoxyethane production capacity totally within 30 min. However, under the same conditions, the epoxyethane production capacity of Methylosinus trichosporium IMV 3011 remains nearly 90% when cells are treated with 0.1 nmol/L epoxyethane within 30 min. For comparison, the epoxyethane production capacity of untreated cells is still close to 80% at 150 min. This result indicates that epoxyethane has an inhibitory effect on epoxyethane production capacity of Methylosinus trichosporium IMV 3011. Methane concentration (%) (nmol epoxyethane/min * mg dwc) Figure 4 : Effect of methane on the epoxyethane production capacity. Initial concentrations of ethylene and gas phase oxygen were maintained at 20% and 50%, respectively. Methane was diluted with nitrogen to produce different concentrations. Whole cell epoxyethane production capacity was assayed after 30 min of incubation.
It is well known that epoxyethane reacts with water to form ethylene glycol. Khishen made water fully exposed throughout the experiment to the epoxyethane at ordinary temperature [15] . The recovery of the epoxyethane was almost complete after 24 h. Thus, epoxyethane reacted very slowly with water and its reaction with water in the epoxyethane synthesis system was probably so slow as to be neglected.
The inhibitory effect of epoxypropane on MMO activity has been studied previously. Epoxypropane combines with the catalytic site of the enzyme, especially MMOH. The structure of epoxyethane is similar to that of epoxypropane. However, epoxyethane is much more reactive because of the strain of the oxirane ring and the residual positive charge on the carbon atoms. The charge on the carbon atoms gives epoxyethane an electrophilic character. Thus, it is not surprising that epoxyethane is extremely reactive with nucleophilic molecules. Therefore it is thought that epoxyethane readily reacts with a nucleophilic amino acid residue(s) near the MMO active site. This may be the main reason that epoxyethane has an inhibitory effect on epoxyethane production capacity.
Conclusion
In recent years, epoxyethane synthesis has received considerable attention because of its possible industrial application [16] . The epoxidation of ethylene by methanotrophic bacteria in whole cell systems has been reported [8, [17] [18] [19] . MMO plays a critical role in ethylene epoxidation, which has been found in methanotrophic bacteria. MMO requires a cosubstrate, NADH, for continuous catalysis of the epoxidation of ethylene. In whole cell suspension, when the cosubstrate is depleted, the epoxyethane production stops. Hence, stimulation of epoxidation by methane and its metabolites was investigated in this study. The main reason for the stimulation may be the provision of additional reducing power, or the reduced form of NAD + , for the MMO. Methane and methanol were postulated to be electrondonating cosubstrates since they do not result in toxicity and provide an abundant reductant for ethylene epoxidation.
Batch experiment data shows that addition of 10% methane or 3 mmol/L methanol improves production of epoxyethane. A major challenge in the biosynthesis process for the production of epoxyethane is inhibition of production. Results presented here reveal that Methylosinus trichosporium IMV 3011 retains only 90% epoxyethane production capacity when cells were treated with 0.1 nmol/L epoxyethane within 30 min.
Based on the present results, it is concluded that a whole cell suspension of Methylosinus trichosporium IMV 3011 represents an efficient biocatalyst for the biosynthesis of epoxyethane. To make the application of Methylosinus trichosporium IMV 3011 on epoxyethane biosynthesis more feasible, uninterrupted reductant for ethylene epoxidation and continuous removal of toxic product are required.
